To determine the possible involvement of Wnt signaling in eye development, we analyzed the expression patterns of Wnts and Wnt inhibitors in the chicken eye at stage 25, when the first wave of neural crest migration into the cornea begins, and stage 27, just prior to the second wave of neural crest migration. Wnt expression is developmentally regulated in the chicken eye, and antagonists of Wnt signaling are generally expressed in patterns that are temporally distinct from the Wnts. q
Results and discussion
The avian eye is a composite organ derived from multiple tissue sources, including the neural epithelium, which differentiates into the neural and pigmented retina, the ectoderm, which forms the lens and the outer layer of the cornea, the head mesoderm, which gives rise to extrinsic ocular muscles, and the neural crest, which forms the deeper layers of the cornea, the choroid and the sclera (reviewed in Browder et al., 1991) . Signaling between these various tissues coordinates the development of the eye. We wished to explore the role of Wnt signaling in this patterning, particularly encompassing the time when neural crest cells invade the cornea.
Several recent studies suggest that Wnt signaling might be involved in eye development. At least one Wnt family member, Wnt-13, is expressed in the retinal pigment epithelium (RPE) of the stage-17 chicken eye (Jasoni et al., 1999; Fuhrmann et al., 2000) . Additionally, a number of frizzled family members, which are the Wnt receptors, have been reported in the lens of the developing chicken (Stark et al., 2000) and Xenopus neural retina (Sumanas and Ekker, 2001) . Similarly, there are reports of Wnt inhibitors expressed in the vertebrate eye (Chang et al., 1999; Leimeister et al., 1998) . In particular, SFRP-1 (secreted frizzledrelated protein-1) is expressed in the neural retina of stage-14 chick embryos (Esteve et al., 2000) . Although there are these few sporadic reports of expression patterns of a particular Wnt or Wnt inhibitor, there have been no comprehensive assessments of all family members during the early development of the chick eye.
Here, we have analyzed the expression patterns of nine Wnt family members, as well as several Wnt inhibitors, including Frzb-1, SFRP-1 and SFRP-2, in the chicken eye between stages 25 and 27 (Hamburger and Hamilton, 1951) , in order to assess their role in eye development. We have also determined the expression of bone morphogenetic protein-4 (BMP-4), since BMP signaling and Wnt signaling are often antagonistic (e.g. Jin et al., 2001; Baker et al., 1999; Hirsinger et al., 1997) . We chose these stages because the first wave of neural crest migration into the cornea occurs between stages 23 and 25, whereas the second invasion takes place at stage 27 (Bard et al., 1975; Fitch et al., 1998; Hay and Revel, 1969; Johnston et al., 1979) . In situ hybridization was done on cryosections using Fast-red AP (alkaline phosphatase) substrate. To detect neural crest cells, we used the HNK-1 (human natural killer-1) antibody and a Cy3-conjugated secondary antibody on separate stage-matched sections, because the Fast-red interfered with the rhodamine/flourscein isothiocyanate (FITC) signal.
We determined the expression patterns of Wnt-1, -3, -3a, -4, -5a, -5b, -7b, -8c and -11, Frzb-1, SFRP-1, SFRP-2, and BMP-4 in stage-25 and stage-27 eyes. In stage-25 eyes, Wnt5a is expressed intensively in the RPE, to a lesser degree in the neural retina, and in the neural crest-derived mesenchyme surrounding the optic cup (Fig. 1A,B) . Wnt-11 is (02)00128-4 www.elsevier.com/locate/modo exclusively expressed in the neural crest-derived mesenchyme (Fig. 1C,D) . Expression of the other Wnts was not detected in the eye at this stage (data not shown).
Wnt expression patterns changed just prior to the second invasion of neural crest cells into the cornea. The only Wnts expressed in stage-27 eyes were Wnt-3, -5a, and -11, and all of these are expressed in the RPE (Fig. 1E-J) . Wnt-3 is also expressed in corneal endothelium (Fig. 1G) and Wnt-11 is additionally expressed in the posterior neural retina (Fig.  1J) . Immunolabeling with HNK-1 reveals that none of the Wnts that we examined is expressed in the neural crest at this stage, although the corneal endothelium is a neural crest derivative. We also analyzed the expression patterns of the Wnt inhibitors, SFRP-1, SFRP-2, and Frzb-1, in stage-25 and stage-27 chicken embryos. SFRP-1 and SFRP-2 are expressed in the neural retina and RPE at stage 25 (data not shown) and stage 27 (Fig. 1K-N) . However, SFRP-1 shows much stronger expression in the RPE than SFRP-2. SFRP-1 and -2 are also expressed in the anterior portion of the lens. Frzb-1 is expressed in the neural crest mesenchyme in the stage-27 chick eye (Fig. 1O,P) . Similarly, Duprez et al. (1999) reported Frzb-1 expression in the neural crest cells of the optic nerve. BMP-4 is expressed at stages 25 and 27 in the neural retina and RPE (Fig. 1Q,R) . This is contrast to the mouse, where it is expressed in the anterior neural retina of the optic vesicle (Dudley and Robertson, 1997) , and to a previously published report showing expression limited to the ventral RPE in stage-24 chick eyes (Zhang and Yang, 2001) . We also observed BMP-4 expression throughout the chick lens (Furuta and Hogan, 1998) . HNK-1 staining reveals that SFRPs and BMP-4 are not expressed in the neural crest cells (Fig. 1S,T) .
In summary, Wnt expression is developmentally regulated in the ocular neural crest, where Wnt-5a and Wnt-11 are expressed prior to their invasion of the corneal stroma, but are no longer expressed by stage 27. Moreover, the pattern of Wnt antagonists in the neural crest is temporally distinct from that of Wnt expression. For example, at stage 25, no Wnt inhibitors are expressed in the neural crest (although they express Wnts), whereas by stage 27, Frzb-1 is upregulated (and they no longer express Wnts). The same temporally reciprocal pattern of Wnts and Wnt inhibitors is observed in the developing lens. The expression of Wnts and Wnt antagonists is more complex in the retina. Although Wnt-3, -5a and -11 are intensely expressed in the RPE, whereas SFRP-1, -2 and BMP-4 are expressed in the adjacent neural retina, the latter are expressed in the RPE as well.
Methods

In situ hybridization
Chicken embryos were staged according to Hamburger and Hamilton (1951) . Stage-25 and -27 chicken embryos were embedded in optimal cutting temperature compound (OCT) and sectioned at 20 mm. Chick Wnt-1, -3, -3a, -4, -5a, -5b, -7b, -11 cDNAs were generously provided by Dr Andy McMahon (Harvard University). The Wnt-8c cDNA was provided by Dr Jane Dodd (Columbia University) and the BMP-4 cDNA was provided by Dr Paul Sharpe (King's College). In situ hybridization was done as described previously (Jin et al., 2001) , except for the use of Fastred-conjugated alkaline phosphatase (AP) substrate (Boehringer Mannheim), and viewed with a Leitz Dialux 20 microscope.
Immunohistochemistry
Sectioned embryos were processed for immunohistochemistry, using the HNK-1 antibody as a marker for neural crest cells. Sections were fixed briefly with 4% paraformaldehyde in phosphate-buffered saline (PBS) and then blocked with 3% bovine serum albumin (BSA) in PBS for 3 h at room temperature. Sections were incubated overnight with HNK-1 antibody at 48C and detected with antimouse IgM conjugated with Cy3 (Jackson Laboratory; 1:5000). Slides were coverslipped using GelMount (Biomedia Corp.) and viewed with a Leitz Dialux 20 microscope.
